INTRODUCTION {#s1}
============

Huntington\'s disease (HD) is a progressive neurodegenerative disorder caused by a CAG:CTG repeat expansion in exon 1 of the gene that encodes the polyglutamine-containing protein Huntingtin ([@DDS337C1]). There is an inverse relationship between trinucleotide repeat (TNR) length and age at disease onset ([@DDS337C2]). Additionally, after accounting for constitutive repeat length, somatic instability in the human cortex has recently been shown to be a significant predictor of HD onset with larger repeat length gains associated with earlier disease onset ([@DDS337C3]). TNR length expansion is correlated with HD neuropathology and probably precedes the onset of symptoms ([@DDS337C4]).

The mechanisms underlying selective neurodegeneration in nearly all disorders remain poorly understood. We recently have shown that the striatum and cortex display a dramatic and periodic expansion that is mechanistically different from the slow expansion observed in most other somatic tissues of the HD transgenic R6/1 mouse model ([@DDS337C5]). The base excision repair (BER) enzyme 7,8-dihydroxy-8-oxoguanine-DNA glycosylase (Ogg1), which repairs oxidized guanine bases, has been shown to initiate age-dependent TNR expansion in R6/1 mice ([@DDS337C6]), and deletion of the mismatch repair proteins MutS homolog 2 (Msh2) and Msh3 has been shown to abolish somatic expansion in several HD transgenic mouse models ([@DDS337C7]--[@DDS337C9]). Moreover, the stoichiometry of several key BER proteins correlates well with increased somatic TNR instability in the striatum compared with the cerebellum in HD transgenic mice ([@DDS337C10]).

Nei-like 1 (NEIL1) is one of four mammalian DNA glycosylases involved in removing oxidized lesions as part of BER. The multifunctional DNA glycosylases OGG1 and NTH1 process the abasic (AP) site product following base removal via a single lytic β-elimination reaction, while NEIL1 and NEIL2 nick the DNA strand 3′ to the AP site through an associated β and δ AP lyase activity, leaving phosphates at both ends of the resulting single strand break. The β-elimination product of OGG1 and NTH1 is further processed by apurinic/apyrimidinic endonuclease (APE1), whereas polynucleotide kinase removes the 3′-phosphate to generate a 3′-OH group for ligation after incision by the NEILs \[reviewed by Hazra *et al*. ([@DDS337C11])\]. If the AP site is reduced or oxidized, flap endonuclease 1 is required for removing a 2--6 nucleotide single-stranded (ss) DNA-flap generated by 5′ AP site incision and strand-displacement synthesis during long patch-BER ([@DDS337C12]).

Recombinant NEIL1 has been shown to remove pyrimidine-derived lesions like thymine glycol (Tg), 5-hydroxycytosine (5-OHC) and 5-hydroxyuracil (5-OHU) in double- and ssDNA ([@DDS337C13]--[@DDS337C15]). 5-OHU is efficiently excised with similar activities in bubble-, duplex- and ssDNA by NEIL1 ([@DDS337C16]). NEIL1 also excises 7,8-dihydroxy-8-oxoguanine (8-oxoG) in duplex- and ssDNA, although less efficiently than oxidized pyrimidines ([@DDS337C13]--[@DDS337C16]). Mouse Neil1 also excises ionizing radiation-induced ring-opened purine-derived lesions 2,6-diamino-4-hydroxy-5-formamidopyrimidine (faPyG) and 4,6-diamono-5-formamidopyrimidine (faPyA), while thymine-derived lesions are excised at a much lower rate ([@DDS337C17]). NEIL1 and NEIL2 also excise oxidation products of 8-oxoG, such as guanidinhydantoin and spiroiminohydantoin lesions ([@DDS337C18]). Human NEIL1 excises these hydantoin lesions much more efficiently (\>100-fold faster) than the previously reported pyrimidine-derived substrates ([@DDS337C19]).

Since Ogg1 has been shown to initiate somatic TNR expansion ([@DDS337C6]), we wanted to examine the role of Neil1 as a possible modifier of repeat stability. Neil1 is ubiquitously expressed ([@DDS337C13]--[@DDS337C15]), and the expression increases with age in the brain ([@DDS337C20]). Neil1 and Ogg1 have structural distinctions, but some overlapping substrate specificities including 8-oxoG and faPyG, although Neil1 prefers cytosine-derived lesions. Furthermore, Neil1 repairs oxidative lesions in ssDNA and bubble structures, which might be important DNA structures in the context of TNR instability ([@DDS337C16]). Neil1 also repairs lesions in close proximity of DNA breaks ([@DDS337C21]). These latter activities are absent or significantly weaker in Ogg1 ([@DDS337C16],[@DDS337C21],[@DDS337C22]).

RESULTS {#s2}
=======

Ogg1 is a DNA glycosylase that repairs 8-oxoG and faPy lesions in DNA and has been shown to initiate CAG repeat expansion in R6/1 mice ([@DDS337C6]). Neil1 repairs a much broader spectra of oxidative lesions than Ogg1, and thus, we investigated whether Neil1 could be involved in TNR instability by using R6/1 mice lacking exon 2 of Neil1 (*R6/1/Neil1*^−/−^). The generation and full characterization of the *Neil1*^−/−^ mice will be described elsewhere (Rolseth *et al*., manuscript in preparation).

Upon establishment of the Neil1-deficient HD mouse model, we examined whether germline expansion was affected, since CAG repeats tend to expand when transmitted from a male parent to offspring in both mice and humans ([@DDS337C2],[@DDS337C23]--[@DDS337C25]). Germline expansion was defined as the increase in repeat length between generations in ear samples taken at 3 weeks of age. We analysed germline expansion from R6/1 male parents with or without functional Neil1 and the corresponding litters (Fig. [1](#DDS337F1){ref-type="fig"}A). It is evident that the repeat tract expands from male *R6/1/Neil1*^+/+^ parents to offspring, whereas in male *R6/1/Neil1*^−/−^ parents, the repeat tract is more stable, with a tendency towards contraction when transferred to offspring (Fig. [1](#DDS337F1){ref-type="fig"}B). The germline transmission in *R6/1/Neil1*^−*/*−^ mice was from three successive generations. These results indicate that Neil1 contributes to germline TNR expansion in male R6/1 mice. Figure 1.Germline TNR instability was calculated in *R6/1/Neil1*^+/+^ and *R6/1/Neil1*^−/−^ mice by measuring the number of CAG repeats present in ear samples taken at 3 weeks of age from male parent mice and offspring. (**A**) GeneMapper plots showing germline TNR expansion in offspring from a male *R6/1/Neil1*^+/+^ mouse and TNR contraction in offspring from a male *R6/1/Neil1*^−/−^ mouse. (**B**) A vioplot showing germline expansion from two male *R6/1/Neil1*^+/+^ (*n* = 15 offspring) and three male *R6/1/Neil1*^−/−^ mice (*n* = 13 offspring). Germline expansion for individual *R6/1/Neil1*^*+/+*^ and *R6/1/Neil1*^*−/−*^ mice is shown as violin plots to illustrate the distributions present. Individual points are overlaid in grey for completeness. The data show a tendency towards germline contraction in *R6/1/Neil1*^*−/−*^ mice.

Next, we investigated somatic expansion in several tissues at 21 weeks of age, including ear (EA), spleen (SP), kidney (KI), liver (LI), olfactory bulb (OB), cortex (CO), striatum (ST) and cerebellum (CE). These samples cover a representative spectrum of tissues with varying degrees of TNR instability ([@DDS337C5],[@DDS337C23]). Somatic expansion was calculated by estimating the change in mean repeat length in the 21-week-old sample in comparison to the 3-week-old ear sample from the same mouse (see Materials and Methods). Notably, the fragment lengths containing the repeat tracts were visibly shorter in several organs of *R6/1/Neil1*^−/−^ mice compared with *R6/1/Neil1*^+/+^ mice (Fig. [2](#DDS337F2){ref-type="fig"}A). Moreover, when both genders were combined, the change in mean repeat length was significantly shorter in all organs tested, except for the cortex, of *R6/1/Neil1*^−/−^ animals compared with the *R6/1/Neil1*^+/+^ counterparts (Fig. [2](#DDS337F2){ref-type="fig"}B). Breaking the data down by gender, the change in mean fragment length was significantly shorter in several organs of male *R6/1/Neil1*^−/−^ mice, such as the ear, kidney, olfactory bulb, striatum and cerebellum, while the change in TNR length in the brain regions (olfactory bulb, striatum and cerebellum) was significantly shorter in *R6/1/Neil1*^−/−^ female mice, when compared with their respective *R6/1/Neil1*^+/+^ male and female groups. These results suggest that Neil1 modifies TNR instability in both genders, although the effects seem to be somewhat more pronounced in male mice. Figure 2.Somatic TNR expansion in *R6/1/Neil1*^+/+^ and *R6/1/Neil1*^−/−^ mice determined by calculation of mean repeat change in each mouse from ear at 3 weeks to tissues at 21 weeks of age. (**A**) GeneMapper plots showing the distribution of CAG repeat fragment lengths present in each organ from one representative *R6/1/Neil1*^+/+^ and one representative *R6/1/Neil1*^−/−^ mouse. Black arrows and white arrows represent 111 and 138 repeats, respectively. (**B**) Mean repeat change measured in several organs of male and female *R6/1/Neil1*^+/+^ and *R6/1/Neil1*^−/−^ mice from 3 to 21 weeks of age. *N* = 19 *R6/1/Neil1*^+/+^ (12 males, 7 females) and 11 *R6/1/Neil1*^−/−^ (6 males, 5 females) mice. Error bars represent ±SEM. \**P* \> 0.05; \*\**P* \> 0.01; \*\*\**P* \< 0.001; one-tailed unpaired *t*-test. EA, ear; EA3, ear at 3 weeks; EA21, ear at 21 weeks; SP, spleen; KI, kidney; LI, liver; OB, olfactory bulb; CO, cortex; CE, cerebellum.

Recently, a novel method to define tissue-specific TNR instability has been published ([@DDS337C26]). This method calculates an instability index from GeneMapper traces by including peak heights within a threshold. The peak heights are normalized to one and multiplied with the change from the highest peak in the tail. We used the same approach with some minor adaptations (see Materials and Methods) to confirm our conclusions described above. In Figure [3](#DDS337F3){ref-type="fig"}A, the normalized and weighted peak heights for the striatum of male *R6/1/Neil1*^+/+^ and *R6/1/Neil1*^−/−^ mice are presented. It is therefore visualized that male *R6/1/Neil1*^*−/−*^ mice can be divided into two populations that display different distributions in the striatum (Fig. [3](#DDS337F3){ref-type="fig"}A). Population 1 shows a large reduction in expansion compared with the male *R6/1/Neil1*^*+/+*^ mice, while population 2 shows a small reduction in expansion (evident in inset of Fig. [3](#DDS337F3){ref-type="fig"}A). The instability index is shown in Figure [3](#DDS337F3){ref-type="fig"}B for several organs of male and female mice. It is apparent that the instability index is significantly reduced in the striatum of both male and female *R6/1/Neil1*^*−/−*^ mice compared with the respective *R6/1/Neil1*^*+/+*^ mice. In addition, the instability index was significantly reduced in the ear, spleen, cortex and cerebellum of male *R6/1/Neil1*^*−/−*^ mice. These results show a consistent expansion-reducing effect of Neil1 deficiency in nearly all tissue types, with the most pronounced effect in the brain tissues of male mice. Figure 3.The instability index in *R6/1/Neil1*^+/+^ and *R6/1/Neil1*^−/−^ mice. (**A**) The normalized and weighted peak heights in the striatum of *R6/1/Neil1*^+/+^ and *R6/1/Neil1*^−/−^ male mice. The two sub-populations of *R6/1/Neil1*^*−/−*^ mice are easily identified, with one population showing very strong retardation of expansion rate, while the other population displays a reduction in the expansion rate which is shown inset for clarity. (**B**) The instability index divided by gender, genotype and organ, with the difference between the means for each genotype shown on the right. *N* = 19 *R6/1/Neil1*^+/+^ (12 males, 7 females) and 11 *R6/1/Neil1*^−/−^ (6 males, 5 females) mice. EA, ear; SP, spleen; KI, kidney; LI, liver; OB, olfactory bulb; CO, cortex; CE, cerebellum. •*P* \> 0.1; \**P* \> 0.05; one-tailed unpaired *t*-test. Error bars represent ±SD. (**C**) *Neil1* mRNA expression in WT and HD R6/1 mice. The bars represent the average of the calculated and normalized mRNA from two cDNA synthesis reactions for each mouse. *N* = 7 WT (4 males, 3 females) and 8 HD (4 males, 4 females) R6/1 mice. Error bars represent ±SEM. \**P* \> 0.05; \*\**P* \> 0.01; \*\*\* *P* \< 0.001; two-tailed unpaired *t*-test.

In order to obtain further insights into how Neil1 could influence TNR instability, we analysed the mRNA expression of *Neil1* by quantitative PCR (qPCR) in wild-type (WT) and HD R6/1 mice. As shown in Figure [3](#DDS337F3){ref-type="fig"}C, the expression of *Neil1* was moderately down-regulated in brain regions of HD mice, particularly in the cerebellum, relative to the WT samples. To explore for any gender differences, *Neil1* mRNA expression was determined in male and female R6/1 WT and HD mice, but no statistically significant differences were observed between genders (Fig. [3](#DDS337F3){ref-type="fig"}C).

Based on these data, we decided to test the incision activity of human NEIL1 on different 5-OHC or 8-oxoG containing oligonucleotide substrates *in vitro*. In a subset of these substrates, the base lesion was located at different positions within the loop of a hairpin, and in the other substrates the base damage was located within either a double-stranded or ssDNA molecule (Fig. [4](#DDS337F4){ref-type="fig"}A). NEIL1 exhibited the highest activity on the single-stranded and duplex 5-OHC-containing control substrates (Fig. [4](#DDS337F4){ref-type="fig"}B). NEIL1 base excision and strand cleavage activity for each of the lesion-containing hairpin substrates were ∼2.5--6.4-fold lower than the ssOHC oligonucleotide. We point out that we observed incision activity on the CAG hairpin substrates only at the higher concentration of NEIL1 (100 ng; data reported in Fig. [4](#DDS337F4){ref-type="fig"}C), whereas for the cognate substrates, ssOHC and 34OHC-34G, we saw incision product even at the lower NEIL1 concentration (10 ng; Fig. [4](#DDS337F4){ref-type="fig"}B). As would be expected, NEIL1 appears to process the duplex DNA substrates via a combined β, δ-elimination reaction, whereas OGG1 processes the abasic site product via β-elimination only (Fig. [4](#DDS337F4){ref-type="fig"}B). We note that NEIL1 excised 8-oxoG only in the duplex substrate, albeit with poor efficiency, but did not significantly remove this base lesion when placed in the hairpin loop at either 10 or 100 ng of enzyme (data not shown). Figure 4.NEIL1 incision activity and binding to oligonucleotide substrates containing a 5-OHC lesion. (**A**) Design of hairpin and control oligonucleotides. Hairpin oligonucleotides contain a base lesion in the 3-nucleotide (CAG1) or 4-nucleotide (CAG2) loop. The hairpin structured oligonucleotides contained *Bam*HI, *Sac*II and *Eco*RI restriction sites on the linear double-stranded portion of the hairpin to verify hairpin formation ([@DDS337C10]). (**B**) Purified NEIL1 had reduced incision activity on the hairpin substrates compared with the duplex control oligonucleotides and the single-stranded 34OHC substrate. (**C**) Incision and binding activities of NEIL1. Left column: hairpin, single-stranded (ss) and 5-hydroxyC (OHC)-containing substrates used. Centre column: % incision = incised product/(incised product + substrate). Right column: % binding = protein-DNA complex/(complex + unbound substrate). Data shown are the average and standard deviation of three independent experimental values derived from assays performed at 100 ng NEIL1. See Materials and Methods for further details.

Subsequent electrophoretic mobility shift assays (EMSAs) revealed that NEIL1 bound all oligonucleotide substrates, with the possible exception of ssOHC (Fig. [4](#DDS337F4){ref-type="fig"}C); the low complex formation seen with ssOHC likely stems from the inability of NEIL1 to bind the efficiently produced incision product. As seen with the enzymatic assays above, the duplex 5-OHC-containing DNA was the preferred substrate for stable NEIL1 complex formation. The binding of the hairpin substrates was in general in good agreement with the incision efficiency (summarized in Fig. [4](#DDS337F4){ref-type="fig"}C).

DISCUSSION {#s3}
==========

In humans, the HD-associated TNR has been shown to be unstable in more than 80% of meiotic transmissions, presenting both expansions and contractions with the largest expansions occurring during paternal transmission ([@DDS337C2]). The HD CAG repeat in transgenic mice exhibits an expansion bias during paternal transmission and a contraction bias during maternal transmission ([@DDS337C23]--[@DDS337C25]). In *R6/1/Csb*^−/−^ mice, a 5-fold increase in intergenerational expansions was seen compared with the R6/1 control counterparts ([@DDS337C27]). Conversely, the presence or absence of Ogg1 did not significantly affect the level of intergenerational instability in R6/1 mice ([@DDS337C27]). We find that Neil1 depletion results in fewer expansions and increased contractions during paternal transmissions, when compared with control mice. Thus, our data are more analogous to the absence of Msh2, which abolished paternal HD TNR expansions and resulted in an increased occurrence of contractions ([@DDS337C9],[@DDS337C28]). We have recently shown that treatment with the antioxidant anthocyanin inhibited mean TNR expansion in the testis of R6/1 mice (Møllersen *et al*., submitted for publication), suggesting that oxidative damage might promote germline expansion. This observation indicates that reduced germline expansion in male *R6/1/Neil1*^−/−^ mice could be due to unprocessed oxidative insults on DNA.

In HD patients, all tissues have been shown to display some repeat mosaicism, with the greatest change being detected in the brain and sperm ([@DDS337C29]). Regions within the human brain showing the most obvious neuropathology, such as the striatum and the cortex, also display the greatest mosaicism, whereas the cerebellum, an apparently unaffected brain region, exhibits the lowest degree of CAG instability ([@DDS337C29],[@DDS337C30]). HD transgenic mice similarly exhibit somatic TNR expansion in several organs, including the cortex, olfactory bulb, striatum, thalamus, kidney and liver ([@DDS337C23],[@DDS337C30],[@DDS337C31]). We have recently found that tissues believed to be stable in R6/1 mice exhibit slow expansion, although this expansion was mechanistically different from the dramatic and periodic expansion present in the cortex and striatum ([@DDS337C5]).

By two different methods, we have shown that the lack of functional Neil1 results in significantly reduced somatic TNR expansion in several organs of R6/1 mice. When female and male groups were combined, the mean somatic TNR expansion was reduced in the ear, spleen, kidney, liver, olfactory bulb, striatum and cerebellum of *R6/1/Neil1*^−/−^ mice. While there is some discrepancy between the two methods for calculation of somatic expansion, both show the same tendency: expansion is significantly reduced in specific non-brain and brain regions of *R6/1/Neil1*^−/−^ male mice, and is significantly reduced only in certain brain regions of female *R6/1/Neil1*^−/−^ mice.

Remarkably, half of the *R6/1/Neil1*^−/−^ male mice showed an extreme expansion inhibition (Fig. [3](#DDS337F3){ref-type="fig"}A), and therefore, the overall effect on repeat stability was more pronounced in male mice. Only one *R6/1/Neil1*^−/−^ female mouse had this extreme TNR inhibition in all tested organs. However, the total number of female mice studied was lower, so the reduced presence of *R6/1/Neil1*^−/−^ female mice displaying an extreme reduction in TNR expansion could be a coincidence. The reason for the two populations that display different TNR expansions within the *R6/1/Neil1*^−/−^ genotype is not known, but could be due to variable penetrance. The obesity phenotype of *Neil1*^−/−^ mice also lacks 100% penetrance ([@DDS337C32]).

Ogg1 has been shown to initiate somatic CAG repeat expansion in R6/1 mice, presumably by commencing an error-prone BER response ([@DDS337C6]). In particular, expansion was prevented in roughly 70% of the *R6/1/Ogg1*^−/−^ animals. In the remaining animals, tissue-specific, age-dependent expansion was not observed in either the brain or liver of age- and gender-matched R6/1 littermates ([@DDS337C6]). It therefore appears that there are two populations of both *R6/1/Neil1*^−/−^ and *R6/1/Ogg1*^−/−^ mice that exhibit either a significant effect or no effect on somatic repeat expansion. Notably, we have performed a statistical analysis on mean TNR expansion between *R6/1/Neil1*^−/−^ mice and *R6/1/Neil1*^+/+^ mice of both genders in which we have excluded all mice with extreme expansion inhibition, and we still found statistically significant differences between genotypes in the striatum, olfactory bulb and cerebellum (data not shown).

Repeat expansion is not altered in *R6/1/Aag*^−/−^ or *R6/1/Nth1*^−/−^ mice ([@DDS337C6]). Alkyladenine glycosylase, Aag, excises a variety of alkylated bases ([@DDS337C33]), whereas the Nth1 glycosylase processes a variety of oxidized pyrimidine derivatives and thus repairs many of the same lesions as Neil1. The result with the *R6/1/Aag*^−/−^ model suggests that the base modifications repaired by this DNA glycosylase are not relevant to TNR instability. The difference observed between the Neil1 and Nth1 mice, in terms of somatic repeat expansion, suggests that Neil1 excises lesions not recognized by Nth1, or lesions in bubble or ssDNA.

We tested whether the expression levels of *Neil1* in WT and HD R6/1 mice could contribute to TNR expansion and found that *Neil1* was moderately down-regulated in several brain regions of R6/1 HD mice, most notably in the cerebellum. The expression level of *Ogg1* has also been shown to be lower in the cerebellum, but unchanged in the striatum, of R6/1 HD mice compared with WT, although the biochemical activity of Ogg1 was higher in the striatum relative to the cerebellum in both R6/1 WT and HD mice ([@DDS337C10]). Since *Neil1* was only moderately down-regulated, it is not likely that the expression level of *Neil1* dictates TNR expansion. The expression level of *Neil1* was also similar in male and female R6/1 mice, and therefore the expression of *Neil1* cannot explain the TNR expansion differences between genders.

We found that the incision activity of NEIL1 on 5-OHC and 8-oxoG lesions in duplex DNA was significantly stronger than the activity on hairpin substrates, a pattern similar to what was previously observed for OGG1 ([@DDS337C10],[@DDS337C34]). We speculate that the lower activity of NEIL1 for base lesions in hairpins may lead to the accumulation of damage within CAG repeat sequences. Since our knockout mouse studies indicate a role for NEIL1 in modulating repeat expansion, we propose a model similar to what has been outlined for OGG1, whereby the accumulation of base damage within CAG tracts can ultimately drive an error-prone BER response, which drives expansion of the TNR and is influenced by numerous factors, including protein stoichiometry and damage position ([@DDS337C6],[@DDS337C10],[@DDS337C35]). Although, as shown previously by others ([@DDS337C13]--[@DDS337C16]), our results indicate that NEIL1 efficiently processes ssDNA substrates, a role for incision of lesions in ssDNA in TNR expansion is presently unclear, although could potentially be linked to transcription.

The activity of NEIL1 on 8-oxoG substrates measured by us and others was weak. Thus, the strong inhibition of TNR expansion in *R6/1*/*Neil1*^−/−^ mice is probably due to processing of pyrimidine-derived lesions. NEIL1 has also been shown to have strong activity towards hydantoin lesions, which are further oxidation products of 8-oxoG ([@DDS337C19]). Such lesions might well be relevant for CAG stability. Additionally, *Neil*^−/−^ mice seem to accumulate faPyA and faPyG in the liver, kidney and brain, although the increase in faPyG in the brain was modest ([@DDS337C36]). FaPy lesions are also substrates for Neil1 and Ogg1 and one could hypothesize that repair of faPys contribute to TNR expansion in R6/1 mice. To summarize, our results indicate that Neil1 excises lesions in duplex DNA, and that lack of this activity suppresses TNR expansion in *R6/1/Neil1*^−/−^ mice.

Since both Neil1 and Ogg1 influence TNR expansion in R6/1 mice, it is reasonable to assume that antioxidants, which might reduce oxidative base damage formation, could inhibit the expansion process. Coenzyme Q10, which is an antioxidant and cofactor in the electron transport chain, reduced the 8-oxoG levels in the brain and urine of R6/2 mice ([@DDS337C37]). We have recently showed that treatment with anthocyanin antioxidants reduced TNR expansion in brain and male gonads of R6/1 mice (Møllersen *et al*., submitted for publication). However, the overall effects of these antioxidants on somatic TNR expansion were modest in comparison to the contribution of Neil1 in the *R6/1/Neil*^−/−^ mice.

In conclusion, Neil1 is an important modifier of both germline and somatic TNR expansion in R6/1 mice. In future studies, it would be interesting to examine whether HD/*Neil*^−/−^/*Ogg1*^−/−^ double knockout mice would have a combined effect on somatic repeat expansion and whether TNR expansion is correlated to behavioural performance.

MATERIALS AND METHODS {#s4}
=====================

Animals {#s4a}
-------

B6CBA-Tg(HDexon1)61pb/J mice of the R6/1 line with exon 1 of the human HD gene ([@DDS337C38]) were crossed for two to three generations with C57BL/6J mice with or without deletion of exon 2 in mouse Neil1 containing the active site (Rolseth *et al*., manuscript in preparation) and the offspring were analysed for TNR instability. The *R6/1/Neil1*^−/−^ mice were observed regularly. They appeared as R6/1 mice and developed Huntingtin aggregates in the brain at 21 weeks of age (data not shown). The mice were housed in transparent polycarbonate cages with controlled temperature and humidity, and fed Rat and Mouse No. 3 maintenance diet (Special Diet Services) and drinking water *ad libitum*. All experimental procedures were approved by the section for comparative medicine at Oslo University Hospital and the Norwegian animal research authority, and complied with national laws, institutional regulations and EU Directive 86/609/EEC governing the use of animals in research.

Tissues, genotyping and sizing of TNR {#s4b}
-------------------------------------

At 3 weeks of age, an ear biopsy was taken from each mouse for genotyping and to measure the number of repeats present at this age. At 21 weeks of age, the mice were sacrificed by cervical dislocation, the organs were harvested, frozen on dry ice and stored at −70°C. DNA from all tissues was isolated according to the DNeasy^®^ Blood & Tissue kit (Qiagen GmbH, Germany). CAG repeats were sized by PCR with primers 5′-FAM-atgaaggccttcgagtccctcaagtccttc-3′ and 5′-ggcggctgaggaagctgagga-3′ according to ref. ([@DDS337C38]) with slight modifications. Approximately 75 ng of genomic DNA was amplified with 0.15 U AmpliTaq^®^ Gold DNA polymerase with PCR Buffer II, 1.25 m[m]{.smallcaps} MgCl~2~ (Applied Biosystems, Carlsbad, CA, USA), 5% Dimethyl Sulfoxide (Sigma-Aldrich Co. LLC) and 2.5 m[m]{.smallcaps} dNTPs (Applied Biosystems). The cycling conditions were 94°C for 10 min, 35 cycles of 94°C for 30 s, 64°C for 30 s, 72°C for 2 min and a final extension at 72°C for 10 min. The FAM-labelled PCR products were mixed with GeneScan™ - 600 LIZ^®^ Size Standard and HiDi™ Formamide (Applied Biosystems) and run on an ABI 3730 Genetic Analyzer (Applied Biosystems). Sizing of the PCR fragments was done by using the GeneMapper^®^ Software Version 3.7 (Applied Biosystems).

Calculation of mean TNR expansion and instability index {#s4c}
-------------------------------------------------------

The weighted mean repeat value was determined by including all the peaks in the GeneMapper sample plots that were within 10% of the highest peak, and calculated using the following formula: Mean number of repeats = (∑(peak heights × basepair lengths)/∑peak heights) − 86)/3, with subtraction of 86 base pairs without repeat sequences in the fragment. The mean somatic expansion in every mouse was finally determined by subtracting the mean repeat value in the ear sample taken at 3 weeks of age from the mean repeat value in each organ harvested at 21 weeks of age. At 3 weeks of age, the CAG repeat length is similar in all organs ([@DDS337C5]).

Calculation of the instability index was performed as described ([@DDS337C26]), but with the use of a 10% peak threshold value instead of 20%, and ear samples taken at 3 weeks of age instead of tail. At 3 weeks of age, ear and tail samples harbour the same CAG repeat length (Møllersen *et al*., unpublished data). In short: the highest peak in the GeneMapper sample plots for each analysis was identified and peaks with heights less than 10% of the highest peak were excluded (10% threshold). Normalized peak heights were calculated by dividing the peak height of each peak by the sum of the heights of all peaks. The change in repeat length of each peak was deduced from the highest peak in the ear sample determined in the mouse at 3 weeks of age (main allele). The normalized peak heights were multiplied by the changes from the main allele, and the instability index was the sum of the normalized and weighted peak heights.

RNA extraction, cDNA synthesis and qPCR {#s4d}
---------------------------------------

Mouse tissues were dissected, immediately put in liquid nitrogen and stored at −80°C. The tissues were lysed using Lysing Matrix D tubes (MP Biomedicals LLC, CA, USA) and placed in a Mini-Beadbeater™ for homogenization. Total RNA isolation was performed using the PureLink™ RNA Mini Kit (Invitrogen Life Technologies, Carlsbad, CA, USA) according to the manufacturer\'s protocol.

After RNA isolation, the samples were treated with recombinant RNase-free DNase I with Protector RNase inhibitor (Roche Applied Science, Penzberg, Upper Bavaria, Germany) according to the manufacturer\'s instructions to digest any remaining DNA. After DNase I treatment and cleanup of RNA, the samples were analyzed by agarose gel electrophoresis to visually check the RNA quality. The RNA yields were measured using a Nanodrop ND-1000 spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA).

The High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) was used to reversely transcribe the RNA samples, using 200 ng RNA in each reaction to make cDNA.

The qPCR reaction comprised of 2 µl cDNA, 10 pmol Neil1 forward 5′-GAG ATC CTG TAC CGG CTG AAG A-3′ and reverse 5′-GGT TCT GTA GTT TGG CCT TGA TCT-3′ primers and 5 µL 2x POWER SYBR^®^ Green PCR Master Mix (Applied Biosystems) in a total reaction volume of 10 µl and was performed on a OneStepPlus™ Real-Time PCR System (Applied Biosystems). GAPDH with sense 5′-TCG TCC CGT AGA CAA AAT GGT-3′ and antisense 5′-CGC CCA ATA CGG CCA AA-3′ primers was used as endogenous control. Both GAPDH and β-actin were tested and proven to be suitable as endogenous controls. Each cDNA sample was run in duplicates and the qPCR reactions were repeated with new cDNA synthesis. Relative amounts were calculated using the relative standard curve method and normalized to GAPDH.

NEIL1 incision assays and EMSAs {#s4e}
-------------------------------

Hairpin DNA substrates with specific modifications (Fig. [4](#DDS337F4){ref-type="fig"}A) were purchased from Midland Certified Reagent Company, Inc. (Midland, TX, USA). \[γ^32^P\]ATP 5′ radiolabelled oligonucleotides were generated as described ([@DDS337C39]). After annealing, the labelled oligonucleotides were purified from unincorporated \[γ^32^P\]ATP by using a Bio-Rad Micro Bio Spin P30 column and verified as previously described ([@DDS337C10]). NEIL1 and OGG1 incision assays were performed by incubating 5′-^32^P-labeled CAG1oxoG, CAG2oxoG, CAG1OHC, CAG2OHC, ssoxoG and ssOHC (0.2 pmol) or duplex 34oxoG or 34OHC (0.4 pmol) with hNEIL1 (10 and 100 ng) and hOGG1 protein (30 ng; New England Biolabs) in NEB2 buffer at 37°C for 1 h. Reactions were halted by addition of stop buffer \[95% formamide, 20 m[m]{.smallcaps} ethylenediaminetetraacetic acid (EDTA), 0.5% bromophenol blue and 0.5% xylene cyanol\], and then heated at 95°C for 5 min. Reaction products were resolved by 15% polyacrylamide urea denaturing gel electrophoresis and imaged using a Typhoon phosphorimager.

NEIL1 EMSAs were performed by incubating 5′-^32^P labelled substrates (0.1 pmol for all substrates) with hNEIL1 (100 ng) in 1× reaction buffer (70 m[m]{.smallcaps} MOPS, pH 7.5, 1 m[m]{.smallcaps} EDTA, 1 m[m]{.smallcaps} DTT, 5% glycerol). Samples were incubated for 15 min on ice and subsequently resolved on an 8% non-denaturing polyacrylamide gel by electrophoresis at 100 V at 4°C. Gels were imaged using a Typhoon phosphorimager.

Statistical analysis {#s4f}
--------------------

Student\'s *t*-test was used for normally distributed qPCR data and to compare mean repeat expansion values in all sampled organs between *R6/1/Neil1*^+/+^ and *R6/1/Neil1*^−/−^ mice. Since the *a priori* hypothesis was that repeat expansion would be less in *R6/1/Neil1*^−/−^ mice, as observed in *R6/1/Ogg1*^−/−^ mice ([@DDS337C6]), the *t*-test was one-sided.
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